We investigated the effect of hyperthermic pretreatment before induction of ischemia using a gerbil model of 5-min forebrain ischemia. A single hyperthermic treatment 18 h before ischemia exhibited a partial protec tive effect, and repetitive hyperthermic pretreatments at 18-h intervals before ischemia showed clear protection against neuronal death in the CA 1 area of the hippocam pus, whereas single hyperthermic treatment 3,6,24, or 50
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damage, we investigated the effect of thermal treat ment against the delayed neuronal death after sub sequent ischemic stress (Kirino, 1982) , using a ger bil model of experimental cerebral ischemia.
MATERIALS AND METHODS
A total of 78 adult Mongolian gerbils (Meriones ungui culatus) of both sexes, weighing 60--80 g, were used in the present study. They were kept at constant temperature (�25°C) in an air-conditioned room for at least 10 days before study under a 12-h light and dark cycle. Hyper thermia was induced by exposing the gerbils to a heat lamp connected to a rectal thermistor while the animals were under pentobarbital (35 mg/kg i.p.) anesthesia until their rectal temperature was elevated to 42-42SC. The animals were maintained at this temperature for 15 min and then they were cooled to 37°C by placing them on an ice pack. Sham controls for hyperthermic treatment were anesthetized with the same dose of pentobarbital and were maintained at 37°C with a rectal thermistor and heat ing lamps. Cerebral ischemia was produced by occlusion of both common carotid arteries with miniature aneurys mal clips immediately after recovery from ether anesthe sia for surgical preparation. In each animal, the body tem perature before ischemia was recorded with a rectal thermistor in this unanesthetized condition and main tained at 37°C in all groups during ischemia. All animals were divided as follows: sham-operated group (group A; n = 5), 5-min ischemic control group (group B; n = 10), hyperthermic treatment groups before ischemia (groups C-H; n = 56), and sham-hyperthermic treatment group before ischemia (group I; n = 7) as shown in Fig. 1 . Hyperthermic treatment groups were further divided into the following six groups by the number of times and in tervals between hyperthermic treatments and a subse quent 5-minute ischemia: single hyperthermic treatment groups, group C (n = 6), group D (n = 8), group E (n = 10), group F (n = 10), and group G (n = 10), in which animals had received one hyperthermic treatment at 3, 6, 18, 24, and 50 h before ischemia, respectively; double hyperthermic treatment group at 18-h intervals before ischemia (group H; n = 12), in which animals had re ceived hyperthermic treatment twice at 18 and 36 h before ischemia. In the sham-hyperthermic treatment group (group I), animals had received sham-hyperthermic treat ment twice at 18-h intervals before ischemia. In all ani mals of both double-hyperthermic and sham-hyper thermic treatment groups, the rectal temperature was re corded at 30 and 60 min after 5-min ischemia to determine the influence of hyperthermic treatments on the postisch emic body temperature. After 5-min ischemia, clips were removed and 7 days after clip removal the animals were again anesthetized, decapitated, and their brains were im mersion-fixed in a solution consisting of ethanol-glacial acetic acid and processed for histological examination, as described previously (Kitagawa et aI. , 1989) . The 5-fLm-thick cross sections corresponding to the stereotax ic section 1.4-1.6 mm caudal to bregma containing both dorsal hippocampi were stained with hematoxylin and eosin (H&E). In the sham-operated animals for cerebral ischemia (group A), both common carotid arteries were exposed but no carotid occlusion took place. With re spect to the neuronal destruction of the CAl regions 7 days after 5-min ischemia, the following four gradings were established on the histological findings with H&E staining: grade 0, no cell necrosis; grade 1, scattered sin gle-cell or small-cell group necrosis; grade 2, scattered cell group necrosis; and grade 3, almost complete cell necrosis in the CAl area. Mean grades of histological damage for each group (with SD for graphic purposes) were calculated as the sum of the gradings times the num ber of animals exhibiting a specific grading divided by the total number of animals. Statistical comparisons were made by the Kruskal-Wallis test and two-tailed Mann Whitney U test.
RESULTS
After hyperthermia under pentobarbital anesthe sia, the animals began to walk around, eat, and drink in �2 h, and they behaved like normal animals at 3 h after treatment. The rectal temperature of each group of animals immediately before occlusion of both common carotid arteries was 37.8 ± 0.3 (mean ± SD), 37. 9 ± 0.3, 33.6 ± 0.6, 35. 9 ± 1. 7, 37. 8 ± 1. 0, 38.0 ± 0. 3, 38.0 ± 0. 4, 37.8 ± 0. 4, or 37. 9 ± 0. 3°C in groups A, B, C, D, E, F, G, H, or I, respectively. Thus, the animals with hyperther mic treatment showed transient but clear hypother mia at 3 (group C) and 6 h (group D) after hyper thermic treatment, although this hypothermic con dition immediately before ischemia was no longer observed in the animals with hyperthermic treat ment at 18 h before ischemia (groups E, F, and G). The results of histological examination in CAl neu rons are summarized in Fig. 1 . All 10 ischemic con trol animals (group B) showed almost complete (grade 3, n = 8) or moderate (grade 2, n = 2) ne crotic lesions in the CAl area. All animals of the nonischemic sham-operated group (group A) exhib ited no cellular necrosis (grade 0). In the animals of groups C, D, F, and G, which had received single hyperthermic treatment at 3, 6, 24, and 50 h before ischemia, respectively, little protective effect against neuronal death was observed. On the other hand, in group E, in which animals had received single hyperthermic treatment at 18 h before isch emia, half of the animals showed no (grade 0) or mild (grade 1) necrotic changes. Furthermore, in group H, 9 of 12 animals with two hyperthermic treatments at 18-h intervals before ischemia showed no or mild necrotic lesions, and this double hyperthermic treatment exhibited clear and signifi cant protective effect against neuronal death, al though none of the animals with sham-hyperthermic treatments (group I) showed any neuroprotective effect. In both groups H and I, the postischemic body temperature showed significant increase from 37.8 ± O.4°C before ischemia to 38.7 ± 0.7°C at 30 min and to 38.4 ± 0.6°C at 60 min of recirculation and from 37.9 ± 0.3°C before ischemia to 39.4 ± 0.2°C at 30 min and to 39.0 ± OSC at 60 min of recirculation, respectively.
DISCUSSION
This study clearly demonstrated that hyperther mic stress given at appropriate intervals before ischemia exhibited a protective effect against a sub sequent ischemia-induced neuronal damage. Re cently, in the rat model of cerebral ischemia, Chopp et al. (1989) also demonstrated that transient hyper thermia, given before induction of cerebral isch emia, showed a clear neuroprotective effect against subsequent ischemic cell damage. Our study con firmed this neuroprotective effect of preis chemic hyperthermic treatment and further showed that this protective effect of hyperthermia appeared only transiently through the investigation of the detailed temporal profile of hyperthermia-induced neuronal protection against ischemic injury. As clearly shown in Fig. 1 , optimal neuroprotective effect of a single hyperthermic treatment was observed when given 18 h before 5-min forebrain ischemia, and this transient effect of hyperthermia was well correlated with the temporal profile of HSP production after hyperthermia (Barbe et al., 1988) . Recently, it has been reported that body temperature changes dur ing and early after ischemia are quite important in determining ischemic neuronal injury (Busto et al., 1987; Kuroiwa et al., 1990) . In our study, as re ported by Nowak et al. (1990) , long-lasting hypo thermia was observed after hyperthermic exposure, and this residual hypothermia might explain the protective effect of preis chemic hyperthermic treat ment through suppression of transient postischemic hyperthermia, even though body temperature was maintained at 37°C during ischemia. However, this possible role of residual hypothermia in the protec tive effect should be quite small, if at all, because residual hypothermia has no longer been observed at 18 h after hyperthermia, when a clear protective effect was observed, and suppression of postisch-emic hyperthermia has not been observed in the animals with double hyperthermic treatment, where clear protective effect was demonstrated. The phys iological role of HSPs, which were reported to be induced by hyperthermia in gerbils , has not been fully elucidated to date, but there are growing data concerning the critical role of these proteins in enhancing survival during and after stress in the case of thermotolerance (Li and Laszlo, 1985; Riabowol et al., 1988 ). Therefore, it seems possible that HSPs probably induced by hy perthermic treatment play a pivotal role in the in duction of tolerance to such a metabolic stress as ischemic injury. It is very difficult to answer why double hyperthermic treatment showed a superior effect to single treatment, but this cumulative effect seems probable because our recent study on the "ischemic tolerance" phenomenon (Kitagawa et al., 1990 ) also showed the cumulative effect of mild ischemic stress for neurons to obtain a tolerative property to ischemia. However, different mecha nisms may be involved at the cellular level in these two protection phenomena, noting the neuronal dis tribution of postischemic HSP70 induction (Vass et al., 1988) and glial HSP70 distribution after hyper thermia (Marini et al., 1990) .
In conclusion, our results strongly suggest the in volvement of stress reactions in the acquisition of tolerance to ischemic neuronal injury. Whether neuronal cells can obtain hyperthermia-induced tol erance to ischemic stress through the operation of their inherent and inducible self-protective mecha nism or through some help by other cells such as glial cells should be clarified in the future.
